HYDROCARBON POLLUTION ALONG MOROCCAN COASTS AND BPH ACTIVITY IN THE

INTRODUCTION
Polycyclic aromatic hydrocarbons (PAH) are widely distributed in the marine environment (1, 2) . These organic micropollutants are known for their carcinogenic and mutagenic potency (3, 4) , and have been monitored in a number of marine-environment programmes such as "Mussel Watch" in the USA (5, 6 ) and the French national network (RNO) in France (7) .
The Mediterranean and Atlantic coasts of Morocco play an important socio-economical role in fishing and tourism. Urban and industrial sources of pollution are, however, known to exist in a number of areas along these coasts. On the other hand, the few results from chemical monitoring programs that are available to environmental managers relate to contamination with heavy metals (8) (9) (10) . The contamination of marine ecosystems with PAHs, and the effects of this pollution on living organisms, have still not been studied along Moroccan coasts in spite of the considerable fishing activity along the Atlantic shorelines and the heavy maritime traffic in and around the Mediterranean (with 60 000 ships, including 5 000 oil tankers, passing yearly through the Straits of Gibraltar).
The aims of our investigations were to: (i) evaluate PAH levels in mussels along Moroccan coasts, and (ii) determine the activity of the enzyme benzo[a]pyrene hydroxylase (BPH), which is involved in phase 1 of PAH metabolism (11, 12) .
MATERIALS AND METHODS
Sampling Sites
Two surveys were carried out along coasts of Hydrocarbon Pollution and BPH Activity 267 cycle: June marks the end of the spawning period (13) . It was retained to avoid any interference caused by the gametes emission. Moreover, since this period, animals enter in the gonad reestablishment and reserve accumulation phase. Sampling were sites selected along both the Atlantic and Mediterranean coasts (Table 1 and Figure 1) . Specimens of the African mussel, Perna perna, measuring 5-7 cm in length were collected at low tide from the mediolittoral zone of rocky coasts. Samples of 30 mussels with the same physiological status were used to measure the PAH concentrations. No differentiation of sex was made when collecting the mussels from each site. They were placed in plastic bags and then transported at 4 • C to the laboratory, where the soft masses were stored at −20 • C. The mussels were sampled in the field, on a bed of ice and their soft masses were immersed in liquid nitrogen (at −180 • C) awaiting BPH assay. The BPH activity was determined using digestive glands from ten individuals at each site.
PAH Analysis
Mussel tissues were freeze-dried, and one-gram samples were then subjected to microwave-assisted extraction using a Maxidigest 350 apparatus (Prolabo, France) after addition of perdeuterated PAHs as internal standards, as reported elsewhere (14) . The conditions of the extraction were 10 min at 30 W, using dichloromethane as the extraction solvent. The organic extract was filtered, and the total volume reduced using a rotary evaporator, with subsequent purification and division into aliphatic and aromatic fractions on alumina and silica micro-columns (15). The aromatic fraction was then purified using high-pressure liquid chromatography with an aminosilane column as reported by Baumard et al. (16) . Sieving the pooled freeze-dried mussel tissues produces a homogeneous matrix (16) , so only one analysis of this matrix was required per sample. The aromatic fraction was analyzed by gas chromatography coupled to mass spectrometry, as reported by Baumard et al. (17) . The PAHs were quantified, by relation to the perdeuterated PAHs added to the matrix prior to extraction (18) . One deuterated internal standard was used for each group of aromatic compounds among the PAHs studied. The responses of the various compounds were measured by injecting a standard reference material, SRM 2260 (24 aromatic hydrocarbons in toluene; NIST, Gaithersburg, MD): a solution spiked with the solution containing the same perdeuterated PAHs as used for spiking mussels.
The Table 2 .
The origin of PAHs (whether petrogenic or pyrolytic) was determined by using the following two ratios: phenanthrene/anthracene, or Phe/A, and fluoranthene/pyrene or Fluo/Pyr (19, 20) . These ratios were calculated only for the most polluted locations (PAH > 45 ng.g −1 of dry weight). The PAHs are of clear marked petrogenic origin if Phe/A 20 and Fluo/Pyr 1; they are of a major pyrolytic origin if Phe/A is in the range 1-10 and if Fluo/Pyr > 1, and of mixed origin otherwise.
BPH Activity Determination
This activity was assessed in microsomes of the digestive gland, using the fluorometric microplate method described by Akcha et al. (12) . Ten individuals were analyzed separately at each station. The microsomal fraction of each mussel sample was incubated with BaP at 25 • C for 10 minutes; any reactions were stopped by adding 10% Triton X-100, and BPH activity was then assayed using a microplate reader. For each mussel sample, the difference in fluorescence levels between the respective emission and excitation wavelengths of 492/430 nm and 510/430 nm were determined. The compound 3-OH-BaP was used as an internal standard in each sample, to control for quenching. BPH activity is expressed in picomoles.minutes −1 .mg of proteins −1 . The concentrations of protein in the digestive-gland microsomes were determined using the method described in Bradford (21) .
Statistics
PAH concentrations were calculated for 30 mussels at each location. Means ± standard deviations (SD) for BPH activities were calculated from 4 replicates each for 10 mussels per station. The values recorded for BPH activity in the mussels from the various sites were compared using two-way analysis of variance. As samples included no more than 30 individuals and frequencies were low, an angular transformation (arcsine √ p) was used to approximate normality. A posteriori tests (Newman-Keuls) were performed each time and effect was found to be significant (P < 005 Table 2 shows the pattern for 14 individual measures of PAH concentrations in the mussels collected along Moroccan coasts. The total PAH concentrations measured at the various sites varied considerably: from 5 to 351 ng.g −1 of dry weight, and even that range excludes the value obtained in Nador harbor (1 126 ng.g −1 of dry weight). The most contaminated sites on the Mediterranean are Nador and Martil, with respectively 1126 and 222 ng.g −1 of dry weight. Tanger is the most contaminated site along the Atlantic coast with 351 ng.g −1 of dry weight. Intermediate values (of 60 to 140 ng.g −1 of dry weight) were recorded for PAHs in the mussels at Kabila (73 ng.g −1 dry weight), Larache (89 ng.g −1 dry weight), El Jadida (80 and 116 ng.g −1 dry weight), Jorf Lasfar (109 ng.g −1 dry weight), Safi (80 ng.g −1 dry weight), Jorf Lihoudi (138 ng.g −1 dry weight), and Anza (78 ng.g −1 dry weight). The less polluted sites are generally on the southern coasts (6.2, 17.7 and 13.7 ng.g −1 dry weight respectively for Massa, Cape Juby and Dakhla). The baseline levels of contamination identified from 24 stations sampled along the Mediterranean and Atlantic coasts were between 6 and 55 ng.g −1 dry weight.
RESULTS
The origin of the PAHs (petrogenic or pyrolytic) was determined for the most polluted sites (PAH > 45 ng.g −1 dry weight) using the ratios applied in Mediterranean sea (2) . Two ratios (P/A and Fluo/Pyr) were calculated, and their values are grouped in Table 3 . These data indicate that, as classically encountered nowadays (22) , the origin of PAHs in the aquatic environment is a mixture between petrogenic and pyrolitic inputs. Nevertheless the ratios put in evidence a clear and major petrogenic origin for PAHs in mussels from Nador, Tanger, Casablanca and El Jadida 1 (P/A > 20 and Fluo/Pyr < 1). Locations such as Martil and Rabat also exhibit petrogenic inputs but to a lesser extent with Phe/A ratios > 20 but Fluo/Pyr ratios > 1 associated with quite high amounts of methylated phenanthrenes clearly related to petrogenic inputs. Jorf Lasfar and Jorf Lihoudi (Fluo/Pyr < 0.1) seem also to show non negligible proportion of petrogenic inputs with is corroborated by high methylphenanthrenes for Jorf Lihoudi. The highest contamination level (222 ng.g −1 dry weight, at Martil, with the highest P/A ratio, of 650) was not sufficient to induce BPH activity, in contrast to Anza, a station with a lower contamination (78 ng.g −1 dry weight) but the highest ratio of Fluo/Pyr 1.67 demonstrating important inputs of pyrolytic PAHs mixed with petrogenic ones (Phe/A > 20 and abundant methylphenanthrenes). BPH activity measured in the mussels from the various sites sampled, is shown in Figure 2 (with total PAH concentrations). Significant differences (P < 0.01) in BPH activity were recorded for these sites. Significant correlations were obtained between BPH activities and PAH concentrations levels above the baseline level in six stations (Nador, Tanger, Casablanca, Jorf Lasfar, Jorf Lihoudi and Anza). For the most contaminated stations (90 to 351 ng.g −1 dry weight), BPH activity varied from 30 to 60 pmol.min −1 .mg prot −1 . A significant correlation (r s = 0.64, P < 0.05) was found between the total PAH concentrations and the values for BPH activity. However, some sites with low PAH concentrations show high levels of BPH activity (Kabila 61.2 ± 11.3 pmol.min −1 .mg prot −1 , Sidi Abderrahman 44.6 ± 0.3 pmol.min −1 .mg prot −1 , Laarima 40.6 ± 15 pmol.min −1 .mg prot −1 ), while some with high BPH activity have contamination levels that are fairly low or included in the "background noise" of PAH contamination (<60 ng.g −1 of dry weight). The baseline level of BPH activity can be identified as in the range 0.1 to 13 pmol.min −1 .mg prot −1 at 18 stations along the Mediterranean and Atlantic coasts. In the latter cases the PAH pollution is not sufficient to explain the level of BPH activity, which is probably due to interaction of another contaminant and some environmental factors. stations showing the lowest pollution levels are characterized by similar concentrations of tri-and tetra-cyclic PAHs, while those with the highest levels of pollution are dominated by tetracyclics. BPH activity was also significantly correlated with the PAH groups, such as tri-, tetra-and pentacyclic (respectively, r s = 0.64, 0.64, 0.62, P < 0.05). Our results show that Morocco's Mediterranean coasts are more polluted than the Atlantic ones. This difference may be due to the characteristics of the Mediterranean Sea (limited exchanges with others seas and oceans, and limited dynamic tidal effects) and to human activities in the Mediterranean (industrial activities and maritime traffic, with 60 000 ships, including 5 000 oil tankers, passing annually through the Gibraltar Straits). The difference in bioaccumulation could be due to the physiology of the mussels in the Atlantic Ocean and the Mediterranean. Growth and reproduction are the main factors influencing the bioconcentration process in mussel (25) . The spawning period of Perna perna was preponderant from March to June (13) . June marks the end of the spawning period. As described with Mytillus galloprovincialis along the French Mediterranean coasts, the post spawning period is not a preponderant period for the bioaccumulation of PAH (26) . The tidal cycle differs between these two marine ecosystems in the Atlantic Ocean and Mediterranean sea and the bioaccumulation of the chemical contaminants could be influenced (27) . The period of immersion is longer in the Atlantic than in the Mediterranean, and this could be at least part of the reason. While immersed, closure of the mussel shell limits exchanges with the external environment and consequently the uptake of pollutants (28) . The combined effect of the tidal cycle rhythm and exposure to the chemical pollutants is to increase accumulation of cadmium in the mussel Mytilus edulis (29) . The same observation was determined with PAHs in the crab Hemigrapsus nudus subjected to the tidal rhythm (30) . The joint effect of immersion and exposure to pollution also limits the resistance of Mytilus edulis to anoxia (31) . The reduced resistance is also characterized by a diminution in energy reserves (of glycogen and phosphoarginine) induced by increased metabolic activity during the anoxia.
DISCUSSION
Levels of PAH contamination in
The high values noted for total PAHs in the mussel populations at Martil (222 ng.g −1 of dry weight) and Tanger (350 ng.g −1 ) can be easily explained by the proximity of harbors. In the case of Casablanca (245 ng.g −1 dry weight), the pollutants found in the mussels might have come from the oil refinery close to the city.
Except for the Nador, Martil, Casablanca and Tanger stations, the values obtained in the various locations are lower than the recommended Downloaded by [IFREMER-Centre De Nantes] at 06:09 27 September 2011 limit published by the French Food Agency for PAHs in edible mussels (200 ng.g −1 ).
With regard to the origin of PAHs along the Moroccan coasts, the mussel contaminants were of mixed origin for most of the locations with non negligible inputs of petrogenic origin in many of them. The origin was principally pyrolytic, however, in the case of Kabila and Bouznika, and principally petrogenic in the case of Nador, Tanger, Eljadida 1 and Casablanca.
The values recorded in this study for BPH activity are similar to those reported in Mytilus galloprovincialis along France's Mediterranean coasts (26) . Seasonal variations in BPH activity over two years, at two locations on the Mediterranean coast, were analyzed using the same microplate method. The range of values recorded for BPH activity in Mytilus galloprovincialis along the French coasts was between 1.4 ± 0.2 and 80 ± 7 pmol.min −1 .mg prot −1 . In the same locations and during the same period, the PAH levels bioaccumulated in tissues of the French mussels varied seasonally from 24 to 915 ng.g −1 of dry weight.
There are reports in the literature that BPH activity in mussels can be correlated with the PAH content (11, 12, (32) (33) (34) (35) (36) . However, at some other Mediterranean locations no correlation was found (37) (38) (39) . Although molluscs have a limited ability to degrade PAHs, mussels do have a limited but significant capacity to metabolize PAHs (40) . Our results confirm the correlation between PAH contamination and BPH activity on six stations (Nador, Tanger, Casablanca, Jorf Lasfar, Jorf Lihoudi and Anza) higher than the baseline level of PAHs. (Figure 2 ). In fact, chemical analysis of the PAHs in mussels showed that the locations can be classed into three types, depending on the level of pollution: (i) those most polluted (>140 ng.g −1 of dry weight) along the Mediterranean coasts and the Atlantic coast; (ii) those with intermediate PAH values (60 to 140 ng.g −1 of dry weight: Larache, Safi, Jorf Lihoudi and Anza); (iii) those less polluted (<60 ng.g −1 of dry weight), which are particularly located along the southern part of the Atlantic coast (Massa, Cape Juby and Dakhla). The BPH activity values found in the mussels from the various locations sampled show a significant correlation (r s = 0.64, P < 0.05) with total PAH concentrations, and also show the locations can be classed into three levels of activity: >35 pmol.min −1 .mg prot −1 , between 13 and 35 pmol.min −1 .mg prot −1 , and <13 pmol.min −1 .mg prot −1 . The results reported are a contribution to assessments of the level of PAH and the BPH activity in Perna perna in June. This first approach is fundamental to define the range of values for enzymatic activities (35) 
